P revious small studies have demonstrated an association between aortic stenosis (AS), mitral annular calcification, and end-stage renal disease. [1] [2] [3] [4] [5] [6] Thoracic surgery database studies and percutaneous valve intervention trials have shown that among patients undergoing valve surgery or intervention, the presence of chronic kidney disease (CKD) is associated with a greater risk of death. [7] [8] [9] However, there is a scarcity of longitudinal data examining the prevalence of valve disease and related outcomes among CKD patients. Expert consensus documents do not make specific recommendations regarding follow-up and management in CKD patients. Furthermore, the efficacy of traditional guideline-recommended approaches for treatment of the most common valve lesions requiring surgery (eg, AS and mitral regurgitation [MR] ) are unknown. 10 With the advent of safer percutaneous methods to treat valve disease, 8, 9 ,11 more treatment options exist for CKD patients. Consequently, a comprehensive evaluation of the natural history, treatment strategies, and outcomes associated with aortic and mitral valve disease in CKD patients is needed. Using a large echocardiographic registry, we sought to define (1) the echocardiographic characteristics of CKD patients and (2) the prevalence and outcomes of aortic and mitral valve disease among patients with versus without CKD. We hypothesized (1) that there is a higher prevalence of left-sided valve disease (specifically, AS and MR) in patients with CKD and (2) that AS and MR outcomes among patients with CKD or end-stage renal disease are worse, after accounting for differences in age and comorbid conditions.
Methods Data Sources
The primary data source for this study was the Duke Echocardiography Laboratory Database (DELD), which has been described previously. [12] [13] [14] DELD includes a prospectively maintained digital archive of all clinical echocardiography studies performed at Duke University Health System, linked to a corresponding searchable reporting database since 1995. Basic demographic information is included in DELD, and clinical data on patients are derived from the Duke Decision Support Repository (DSR) and Duke Databank for Cardiovascular Disease (DDCD). 15 The DSR incorporates data from clinical and billing sources, including demographic information; International Classification of Diseases, Ninth Revision (ICD-9) codes; and Current Procedure Terminology codes. The DDCD comprises prospectively gathered clinical data and long-term follow-up information on all patients undergoing cardiac catheterization and/or cardiac surgery at Duke University Health System since 1969. 16 
Identification of the Study Population
The study population consisted of patients aged ≥18 years who had full clinical echocardiographic examinations (January 1, 1999-December 31, 2013) and serum creatinine values within 6 months before their echocardiogram. CKD was defined as an estimated glomerular filtration rate (eGFR) <60 mL/min per 1.73 m 2 , calculated from the median of creatinine values within 6 months before echocardiogram, or an ICD-9 diagnosis of CKD. The eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration equation. 17 Based on eGFR, patients were classified as normal hemodialysis were identified using administrative data with ICD-9 diagnosis codes. Patients were excluded if they had a history of any prior valve intervention (surgical or percutaneous), congenital heart disease, cirrhosis, primary hyperparathyroidism, prior heart transplantation, or metastatic cancer at the time of the index echocardiogram.
Echocardiographic Data
Echocardiographic data were extracted from DELD. 
Clinical Perspective
What Is New?
• This study is the largest to date looking at the prevalence of left-sided valvular heart disease in patients with chronic kidney disease (CKD) compared with those without CKD.
• In addition, survival and rates of surgical intervention were compared between the groups.
• The prevalence of at least mild left-sided valvular disease in the CKD group was more than double than that in the non-CKD group.
• The 5-year mortality rate of patients with at least mild AS/ MR was >50% greater in the CKD group than in the non-CKD group.
What Are the Clinical Implications?
• The presence of CKD should raise suspicion of significant valvular heart disease.
• Patients with CKD and valvular heart disease are at a high risk of mortality.
• Management of this complex cohort of patients requires informed, shared decision making between clinician and patient.
• Prospective trials targeting this population are needed to better define optimal management for these patients.
Clinical Data
Information on past medical and cardiovascular history at baseline was obtained from DSR administration and billing resources, as well as the DDCD. 12, 15, 16 For purposes of identifying comorbid conditions, all instances of myocardial infarction, coronary artery bypass grafting (CABG) surgery, and percutaneous coronary intervention (PCI) recorded before the index echocardiography were defined as prior cardiovascular events. DSR recordings were accepted as prior medical history if entered at any time before and up until 30 days after the index echocardiogram for conditions including hypertension, diabetes mellitus, hyperlipidemia, congestive heart failure, atrial fibrillation, peripheral artery disease, cerebral vascular disease, chronic obstructive pulmonary disease, and history of smoking. This time cutoff was chosen to allow for a delay in hospital coding. DDCD records ongoing clinical follow-up of all patients at 6 months, 1 year, and annually thereafter through selfadministered questionnaires and telephone follow-up for nonresponders. Patients who cannot be contacted through this mechanism have vital status determined through National Death Index and Social Security Death Index searches. 19 The vital status of patients not followed in DDCD was queried through national death databases. Patients who were not followed by DDCD and not found in searches of national index death databases were censored at the last available contact date available in DSR. The outcome assessed was all-cause death; follow-up was administratively censored at 5 years after echocardiogram.
Data Analysis
Baseline clinical characteristics and echocardiographic findings were summarized according to CKD presence. Continuous data were expressed as median (interquartile range; 25th-75th percentiles); categorical variables were described as count (percentage). Comparisons between groups were made using the Pearson v 2 test for categorical variables and the Kruskal-Wallis test for continuous variables. Multinomial logistic regression assessed the relationship between CKD status and increased severity of AS, adjusting for age; year of echo; race; sex; and history of hyperlipidemia, hypertension, congestive heart failure, diabetes mellitus, and prior CABG/ PCI. An odds ratio (OR) and 95% confidence interval (CI) describe the increased odds of severe AS (as opposed to no AS) associated with CKD (versus no CKD) and end-stage renal disease on hemodialysis (versus no CKD). The relationship of AS and CKD with subsequent mortality through 5 years after echocardiogram was assessed by Kaplan-Meier plots. Patients known to have undergone aortic valve surgery were censored at the time of the surgery. Cox proportional hazards models further assessed this relationship using AS and CKD interaction status. Models were further adjusted for year of echocardiogram; age; sex; race; and history of hyperlipidemia, hypertension, congestive heart failure, diabetes mellitus, CABG, or PCI. Adjustment variables were determined to be possible confounders by clinical knowledge and univariable relationships. Adjustment covariates were assessed for linearity and proportional hazards assumptions, and transformations were applied, as needed. Using interaction test results, we reported the hazard ratios for CKD versus no CKD at each level of AS severity. The analysis was repeated using the same algorithm for MR. Finally, to assess the overall association of CKD with mortality among patients receiving echocardiography, a Cox model was created to assess for differences in mortality risk between CKD and non-CKD groups, adjusting for baseline clinical and echocardiographic covariates. All statistical computations were generated using SAS version 9.3 or higher (SAS Institute).
Ethics
This was a retrospective study, so patient consent was waived. This study was approved by the Duke institutional review board.
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Results

Baseline Characteristics
Of 157 586 total patients in the echocardiographic database, 20 743 patients were excluded for being aged <18 years and for the presence of any of the following diagnoses on incident echocardiogram: heart transplant or ventricular assist device, cirrhosis, primary hyperparathyroidism, prior valve surgery, and metastatic cancer. Of the remaining 136 843 patients, 88 626 had at least 1 creatinine value within 6 months of the echocardiogram available for review; of these, 78 059 patients were seen between the years 1999-2013 and composed the final cohort.
Of the 78 059 patients in this study, 23 088 met the definition for CKD solely by eGFR criteria (10 533 with GFR 45.0-59.9 mL/min, and 12 555 with GFR <45 mL/min; Table 1 ), and 639 patients met the definition of CKD by ICD-9 diagnosis alone, for a total of 23 727 patients (30%; Table 2 ) who had CKD; of these, 1326 were on hemodialysis. Patients with CKD were older (median age: 72 years) and more frequently female (51% versus 49%), but those on hemodialysis were younger (median age: 59 years) and more frequently male. CKD patients were predominantly white, but those on hemodialysis were predominantly black. A higher prevalence of hypertension (83.4% versus 63.9%), hyperlipidemia (53.1% versus 44.1%), diabetes mellitus (41.7% versus 26.5%), history of CABG/PCI (18.7% versus 12.1%), congestive heart failure (47.7% versus 24.3%), and atrial fibrillation (33.8% versus 20.4%) was found among those with CKD compared with those without CKD (all P<0.001; Tables 1 and  2 ). The echocardiographic findings of CKD patients included significantly higher left atrial and left ventricular dimensions, lower left ventricular systolic function, higher prevalence of left ventricular hypertrophy, diastolic dysfunction, and estimated right ventricular systolic pressure ≥35% (Tables 3  and 4 ).
Prevalence of Valve Disease Among Patients With Versus Without CKD
Patients with CKD more frequently had ≥mild AS compared with patients without CKD (9.5% versus 3.5%), as well as at least mild MR (42.9% versus 23.8%). Similar trends were noted for other valve lesions like mitral stenosis (2.2% versus 1.1%) and aortic regurgitation (19.1% versus 10.1%) P<0.001. The prevalence of AS, aortic regurgitation, mitral stenosis, and MR stratified by eGFR groups is presented in Figure 1 .
After adjusting for age, year of echocardiogram, race, sex, history of hyperlipidemia, hypertension, congestive heart failure, diabetes mellitus, and prior CABG or PCI, patients with CKD had higher odds of having mild AS 
Survival of Patients With AS, MR, and CKD
The median follow-up among the 78 059 patients was 3.05 years (interquartile range: 0.97-5.00), which amounts to 238 080 person-years. On follow-up, 416 of 2203 patients (18.8%) with at least mild AS and CKD, and 526 of 1925 patients (27.3%) with at least mild AS without CKD underwent aortic valve replacement. The survival estimates at 1, 3, and 5 years for all degrees of AS and MR severity were significantly worse for patients with versus without CKD.
The 5-year survival estimates of patients with mild, moderate, and severe AS and CKD were 40%, 34%, and 42%, respectively, compared with 69%, 54%, and 67% for mild, moderate, and severe AS without CKD, respectively. Kaplan-Meier survival plots stratified by AS severity and CKD presence are displayed in Figure 2A . Kaplan-Meier plots stratified by AS severity and CKD presence with censoring at aortic valve surgery are presented in Figure 2B . A total of 469 of 10 001 patients (4.7%) with at least mild MR and CKD and 625 of 13 106 patients (4.8%) with at least mild MR without CKD underwent mitral valve surgery within 5 years of the index echocardiographic study. The 5-year survival estimates of patients with mild, moderate, and severe MR and CKD were 51%, 38%, and 37%, respectively, compared with 75%, 66%, and 65% for mild, moderate, and severe MR without CKD, respectively. Kaplan-Meier survival plots stratified by MR severity and presence of CKD are displayed in Figure 3A and with censoring at mitral valve surgery in Figure 3B .
Survival of Patients With CKD
Survival rates at 1, 3, and 5 years were markedly lower among patients with versus without CKD (Figure 4) . After adjustment for clinical and echocardiographic characteristics, CKD presence was independently associated with mortality (hazard ratio: 1.83; 95% CI, 1.77-1.89). In a multivariable model, there was a significant interaction between CKD and AS/MR in terms of mortality. The relationship of CKD and mortality was more pronounced among patients with increasing severity of MR and AS (Table 5) . 
Discussion
The main findings of this large observational echocardiographic study demonstrate that CKD is associated with worse echocardiographic characteristics and clinical outcomes and that left-sided valve disease is highly prevalent and associated with higher mortality among CKD patients. CKD patients are more likely to die of cardiovascular events than of kidney failure. 20 Observational registries, prospective community cohort studies, and substudies of large randomized trials have previously established the poor prognosis associated with CKD presence. Also well recognized is the fact that cardiovascular disease is the leading cause of morbidity and mortality in this group of patients, [21] [22] [23] yet there is a lack of large imaging registries, so the cardiac morphologic characteristics associated with CKD and hemodialysis have not been described comprehensively. As with clinical risk factors, the present study found a higher prevalence of known echocardiographic poor prognostic markers of both the left and right ventricle among CKD patients. Left ventricular hypertrophy, as well as left ventricular systolic and diastolic dysfunction, were found to be more prevalent among patients with CKD and end-stage renal disease on hemodialysis compared with those without CKD. Along with enlarged left atrial/ventricular dimensions, CKD patients were also much more likely to have elevated estimated right ventricular systolic pressures. Although these morphologic characteristics may largely reflect left ventricular end-organ damage from diabetes mellitus and hypertension (which are known CKD risk factors), they may also represent compensatory changes in response to pressure/volume overload in CKD patients not yet on hemodialysis. Several small studies previously documented the prognostic impact of left ventricular, systolic, and diastolic dysfunction, as well as higher left ventricular mass, in hemodialysis and prehemodialysis groups of patients. [24] [25] [26] [27] Nonetheless, these cardiac morphologic characteristics may represent end-organ damage or compensatory responses, but they herald poor outcomes as prognostic indicators. Whether these imaging markers can serve as triggers for specific intervention or alter the timing of such intervention to ultimately affect outcomes in a salutary fashion is unknown. The present study confirms previously reported findings of the high burden of clinical cardiovascular risk factors among patients with kidney disease. This clustering and high prevalence of cardiovascular risk factors likely represents shared disease pathways in kidney and cardiovascular disease. 28 The same risk factors most likely also contribute to poor cardiovascular outcomes among CKD patients; however, whether the tight control of these risk factors has the same beneficial effect in terms of disease progression or cardiovascular event reduction in CKD versus non-CKD patients is unclear and needs further investigation. [29] [30] [31] [32] [33] Notably, the prevalence of coronary artery disease (CAD) risk factors in the present study was far greater than what was reported in prior investigations, which may be due to the nature of this observational cohort that included patients who underwent clinically ordered echocardiography, thereby representing a sicker patient group. The prevalence of these risk factors and the hazard associated with CKD were similar to findings from the VALIANT (Valsartan in Acute Myocardial Infarction) trial that enrolled postmyocardial infarction patients with evidence of heart failure.
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This investigation represents the largest-to-date inquiry into the prevalence of valve pathology among patients with CKD. This study found higher odds of AS and MR (after adjusting for age and comorbid conditions) among those with versus without CKD; this finding highlights the fact that although CKD may be a poor prognostic marker in valve disease, CKD patients suffer more from valve disease. A higher prevalence of MR likely reflects structural changes in the mitral valve apparatus: restricted motion of the annulus, leaflets, or chordae caused by calcification and reduced left ventricular wall motion related to CAD among CKD patients. The higher prevalence of AS in patients undergoing hemodialysis is well known and previously thought to be related to progressive valve calcification of the cardiac skeleton and valve leaflets-a result of altered or deranged calciumphosphate metabolism and hypertension in end-stage renal disease. 34, 35 The present data extend the previous literature by demonstrating the increased prevalence of valve disease, even among patients with lesser degrees of renal dysfunction. This finding is unique and suggests the calcification process tied to declining GFR may start early and may be cumulative, thus providing a rationale for the higher frequency of AS in older adults. Risk factors for CAD and known CAD were significantly more common in CKD patients. 35 Many studies have highlighted risk factors common to both CAD and valvular calcifications; the available data suggest that the metabolic milieu in CKD patients promotes early aging, atherosclerosis, and early calcification, thereby leading to disease pathologies with shared risk factor profiles like valvular heart disease, CAD, and CKD. Even for patients with mild valve disease and CKD, poor outcomes may be related to concomitant CAD. The higher mortality among CKD patients with moderate and severe AS noted in our cohort may be a reflection of this phenomenon. In addition, worse outcomes among those with moderate AS could be explained by faster progression to severe AS on follow-up. 12 Although the unadjusted 5-year survival of patients with moderate AS appeared worse than those with severe AS, this difference was not significant after adjustment for other risk factors.
There was a significant association between CKD and mortality at each level of severity for AS after adjusting for other risk factors. Increasing severity of MR was associated with increasing mortality in those with CKD. The presence of AS increased the hazard for death among CKD patients, but the relationship of increasing hazard and increasing AS severity was not linear. At every level of AS and MR severity, CKD patients had worse outcomes than those with AS and MR but without CKD.
Our study provides significant evidence that CKD patients are at higher risk of valve disease and have worse outcomes across severity of valve disease than patients without CKD; however, this evidence is based on associations observed in this retrospective study. Despite our efforts to adjust for other risk factors, our conclusions are subject to effects of potential, unaccounted for, or unmeasured factors or biases caused by selection of our study cohort that might provide alternative explanations for these associations. Consequently, we have not established these relationships as causative, although we have speculated on potential mechanistic explanations.
These data suggest that CKD patients represent both a high-prevalence and a high-risk group for valve disease. Previous investigations have consistently shown CKD to be a poor prognostic marker among those receiving surgical or percutaneous intervention for valve disease. In a study of >400 000 valve surgeries included in the Society of Thoracic Surgery database, CKD was noted to be an important risk factor for operative mortality. 7 Similarly, Smith found CKD to be an independent risk factor for poor outcomes among patients undergoing transcatheter aortic valve replacement for AS. 36, 37 The present study's findings, coupled with what we know about intervention outcomes in CKD patients, highlight a particularly difficult management dilemma faced by clinicians and patients. These data underscore a critical gap in expert consensus documents that, at present, do not make specific recommendations regarding follow-up and management in CKD patients. 10, 38 Future research should be directed toward identifying methods to reduce surgical risk, exploring new methods for safer interventions, and testing novel therapies with the aim of retarding valve disease progression.
Clinical Implications
A high prevalence of echocardiographic abnormalities that are poor prognostic markers in CKD patients makes screening an important decision. Further investigation is needed to determine whether these abnormalities can serve as triggers for interventions or more aggressive therapy. Patients with CKD have higher prevalence of valve disease and worse outcomes and represent a higher surgical risk group. Prospective research and trials need to target this patient population to evaluate effectiveness of standard treatment approaches and to test novel therapies with the aim of retarding valve disease progression.
Limitations
This was a single-center observational study and, consequently, was subject to inherent limitations related to sampling and recruitment biases affecting generalizability of results. The potential for residual confounding remains despite multivariable adjustment of models. Because the echocardiography studies were clinically ordered, the sample that was examined likely represents a sicker group of patients; as a result, prevalence patterns may be higher than they are in the general population. One should expect that this disease enrichment could also have affected the non-CKD group. MR grades were based on clinical reports, which also formed the basis for clinical decision making. MR was primarily assessed through visual estimation. Compared with other semiquantitative and quantitative methods, visual estimation in our laboratory has the best reproducibility. Semiquantitative measurement of MR, although done as part of an integrated approach to grading MR, is not routinely captured in our reports and thus was not evaluated in this study. Despite these limitations, this study represents the largest inquiry to date into cardiac morphologic characteristics and valve pathology in CKD patients and raises important questions that will drive future research.
Conclusions
CKD is associated with worse echocardiographic characteristics and clinical outcomes. Left-sided valve disease is highly prevalent and associated with higher mortality among patients with CKD. There is a critical need for research directed toward the pathophysiology and management implications of valve disease in CKD patients.
Author Contributions
Dr Samad had full access to all of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. Dr Samad obtained funding (NIH 1P30DK096493-01), contributed to the conception and design of the study, the data analysis, the data interpretation, the article drafting, and the critical revision of the article. Dr Sivak contributed to the data analysis, the data interpretation, the article drafting, and the critical revision of the article. Dr Phelan contributed to the data analysis, the data interpretation, the article drafting, and the critical revision of the article. Dr Schulte contributed to the data analysis, the data interpretation, the article drafting, and the critical revision of the article. Dr Patel contributed to the data analysis, the data interpretation, the article drafting, and the critical revision of the article. Dr Velazquez contributed to the conception and design of the study, data acquisition, analysis and interpretation, provided discretionary funds to complete the project, the article drafting, critical revision of the article.
